We present the results of nonequilibrium carrier dynamics in highly excited 4H-SiC crystals -n-type epilayers and semiinsulating wafer. Picosecond four-wave mixing measurements have been carried out at various grating periods, excitation energies, temperatures, and have provided the bipolar diffusion coefficients and lifetimes of nonequilibrium carriers. We show that the phonon scattering contributes mainly to the carrier mobility in 100-300 K temperature range, providing µ ∼ T −1.5 dependence. Lattice heating was observed, and it dominated in refractive index modulation at T < 100 K, thus precluding the studies of carrier dynamics at low temperatures.
Introduction
SiC is commonly recognized as a semiconductor material suitable for fabrication of various electronic and optoelectronic devices to be used for high-power, high-temperature, high-frequency, and high-resistanceto-radiation applications [1, 2] . Such devices often operate at high carrier densities, therefore it is important to determine the carrier plasma parameters under adequate conditions. Non-destructive monitoring of carrier plasma parameters at high injection conditions is possible by using nonlinear optical techniques, which explore monitoring of light-induced absorption or refractive index modulation by free carriers [3, 4] . Timeresolved four-wave mixing (FWM) [4] is a more advantageous technique as it provides possibility of nondestructive studies of carrier transport in wide range of excitation as well as simple separation of diffusion and recombination processes. Moreover, optical carrier injection at different wavelengths with quantum energies above the band gap E g makes it possible to vary indepth resolution, to reach high nonequilibrium carrier density, and to study carrier density-dependent photoelectric processes [5] .
In this work, we applied the picosecond FWM technique for studies of carrier dynamics in epitaxial 4H-SiC layers and in a semi-insulating (SI) crystal in a 10-300 K temperature range. We determined the temperature dependence of bipolar carrier mobility, µ a ∼ T −1.5 , in the range of 100-300 K at different photoexcited carrier densities. At temperatures below 100 K, we observed strong contribution of lattice heating to refractive index modulation. The latter effect created a temperature grating, which was competing with the free carrier one, and precluded the studies of carrier dynamics at low temperatures. The lattice heating was attributed to increased nonradiative recombination rate at lower temperatures and temperature-dependent specific capacity.
Samples
The experiments were performed on n-type weakly doped epitaxial 4H-SiC layers grown by chemical vapour deposition (CVD) or sublimation techniques on various substrates (see Table 1 ). Carrier dynamics was also studied in a bulk semi-insulating 4H-SiC crystal, grown by high temperature CVD (HTCVD). For excitation of the thicker epilayers and the bulk crystal, we used the third harmonics of the YAG:Nd laser (λ = 355 nm), since its absorption coefficient is 210 cm −1 and the light excites a depth of α −1 ≈ 48 µm [6] . In the given case, the diffraction signal reveals the processes in effective depth, comparable to the epilayer thickness of 30-35 µm. To minimize the thickness of photoexcited layer to a few µm, two samples (S265 and P939) were photoexcited by using the fourth harmonics of the laser (λ = 266 nm).
Experimental technique
Temperature-dependent carrier dynamics in SiC samples was investigated using the non-degenerate FWM technique in the thin grating regime. The samples were excited by the interference pattern of two 25 ps duration laser beams at 355 or 266 nm wavelength (hν = 3.51 or 4.68 eV > E g = 3.26 eV), which created a sinusoidal free carrier distribution N (x) = N 0 + ∆N · sin(2πx/Λ) with the period Λ and refractive index modulation by free carriers ∆n FC (x, t) ∼ ∆N (x, t). The exciting light was absorbed correspondingly in α −1 ∼ 48 µm or 1 − 2 µm thick surface layer of material, thus creating a layer of ambipolar carrier plasma of density up to 10 18 − 10 19 cm −3 . A delayed probe pulse at 1064 nm, to which SiC epitaxial layers were transparent, was used to monitor the instantaneous diffraction efficiency of the grating η = I D /I T (here I D is the diffracted and I T is the transmitted probe beam intensity), which was proportional to the square of refractive index modulation, i. e. η(t) ∼ ∆n 2 FC (t) = (n eh ·∆N ) 2 [4] . The calculated magnitude of index change by one electron-hole pair in 4H-SiC at 1064 nm wavelength is n eh = −7 · 10 −22 cm 3 . The carrier grating decay time τ G is obtained by an exponential fit of diffraction efficiency decay kinetics η ∼ exp(−2t/τ G ). The grating is erased by carrier recombination and lateral diffusion processes, therefore τ G can be expressed through ambipolar diffusion coefficient D a and carrier recombination time τ R [4] :
The decay of free-carrier grating with carrier density N (x, t) is described by
Here C is the Auger recombination coefficient, B is the bimolecular recombination coefficient, and G(x, t) = α I(x, t)/(hν) is the carrier generation function. Assuming the high photoexcited carrier density, quantum excess energy (hν − E g ), and the mechanism of nonradiative recombination in SiC, a local heating of the sample must be taken into account. It is known that the thermal refractive index modulation ∆n T = ∂n/∂T · T (x, t) can emerge in highly excited Si crystals [7, 8] . The temperature distribution T (x, t) in the silicon carbide sample is described by the following equation:
Here the terms on the right side are the sources of heat generation due to Auger recombination, free-carrier absorption, and overload of E g , ρ is the density of SiC, C p is the specific heat, σ eh is the cross-section of free carrier absorption, and D T is the thermal diffusion coefficient [7] . The total refractive index modulation is due to polarizability by electron-hole pairs ∆n FC and to the temperature change ∆n T ,
The refractive index change due to increased temperature ∆n T is positive whereas the refractive change due to carrier excitation ∆n FC is negative, therefore the simultaneous presence of two mechanisms drastically cancel the diffraction efficiency. The magnitude of these two optical nonlinearities, being dependent on carrier density, varies with excitation, time, ambient temperature, therefore these processes will be analysed numerically and experimentally in this work. The decay time of the thermal grating is described by equation (5) with thermal diffusion coefficient
(k is the thermal conductivity),
Results and discussion
We have measured grating decay kinetics at different grating periods Λ (in the range from 2.7 to 14 µm), excitation intensities, and temperatures (10-300 K). Using the set of measured grating kinetics at various periods and the corresponding grating decay times τ G , we determined the bipolar diffusion coefficients D a and carrier lifetimes by the help of Eq. (1). The bipolar mobility values µ a were obtained from the Einstein relation D a = (kT /e)µ a . In Fig. 1 we show the decrease of bipolar mobility with temperature in the range of 100-300 K at various excitation intensities. The measured temperature dependences µ ∼ T −A were found to be similar to those typical for phonon (lattice) scattering mechanism [9] and provided the index value A from 1.4 to 1.6 for nonequilibrium carrier density, varying from ∼ 5 · 10 17 to ∼ 10 19 cm −3 . The slope values of A from 1.3 to 1.9 were found for electron mobility in n-type 4H-SiC in 100-300 K range [10, 11] and A from 1.5 to 2 for the hole mobility in p-type epilayer in 200-300 K range [12] . We note that our experiments differ from those in [10] [11] [12] as intercarrier scattering may contribute at the used nonequilibrium carrier densities [13] . Assuming that diffusion coefficient of holes is much smaller than that of electrons (D e D h ), the relationship D h = 2D h is valid and points out that the measured temperature dependence reveals nonequilibrium hole mobility at high carrier density. Our data provide µ h = 60 cm 2 /(V·s) value at room temperature, which is in good agreement with Hall measurements in low doped 4H-SiC epilayers with hole mobility in the range of 60-120 cm 2 /(V·s) [12, 14] . We attribute the decrease of bipolar mobility with excitation ( Fig. 1) to the band gap renormalization and its contribution to nonequilibrium carrier transport through the spatially modulated carrier plasma [5, 13] . The similar decrease of D a value with respect to expected one D a = 4.3 cm 2 /s was also observed in highly excited n-type 4H-SiC epilayers and provided hole mobility of 55 cm 2 /(V·s) [13] . We also note that carrier lifetimes decrease with temperature from 10 ns (300 K) to 2 ns (100 K).
We found the similar temperature dependence of bipolar mobility in differently grown layer sample S256. The measurements revealed the typical dependence (µ ∼ T −1.5 ) in the temperature domain 140-300 K at similar excitation conditions (λ ex = 355 nm, I 0 = 1.3 mJ/cm 2 ). The determined parameters (D a and lifetime) in this sample were found to be slightly lower than those in the CVD grown layer P939. This can be attributed to higher concentration of defects. Namely, the values of D a = 2.1 cm 2 /s and µ = 80 cm 2 /(V·s) in the S256 sample and the corresponding values of D a = 2.8 cm 2 /s and µ = 110 cm 2 /(V·s) in the P939 sample have been measured. The carrier lifetimes also decrease at lower temperatures: ∼4 ns at T = 300 K and ∼2 ns at T = 100 K. At the present time the concentration and origin of defects are not known, and spectroscopic studies of these layers are in progress.
In Fig. 2 we show the temperature dependence of bipolar mobility in semi-insulating crystal (sample JT090). The constant but lower slope of it (µ ∼ T −1.2 ) in a wide temperature range (10-300 K) points out that the scattering mechanism by phonons is strongly influenced by ionised impurity scattering, which is expected to be dominant only at low temperatures in a compensated material [12] . For more accurate analysis of this result, complementary Hall mobility measurements will be performed.
The measurements of grating kinetics at temperatures T < 100 K revealed an effect which has not been observed earlier in SiC crystals. In Fig. 3(a) the grating kinetics measured in n-type epitaxial layer (sample P939) at different temperatures are presented. The grating decay is single exponential and becomes faster with temperature decreasing from 300 to 100 K. Here, because of increasing carrier mobility, the diffusive grating decay time τ D = Λ 2 /(4π 2 D) becomes shorter at the used small grating period of 2.7 µm. At lower temperatures, the kinetics become non-exponential and reveal competition with another mechanism of refractive index modulation. We attribute this effect to refractive index modulation by temperature ∆n T , previously observed in highly excited Si crystals [7] . We have found that the contribution of coexisting temperature grating in SiC is increasing at lower temperature, and diffraction efficiency of it is comparable with that of free carrier grating. The dip in diffraction reveals the competition of two refractive index modulation mechanisms with the opposite signs (see Eq. (4)); at later time, the diffraction on thermal grating dominates. Its decay is governed by thermal diffusion coefficient (see Eq. (5)), which is smaller than the bipolar carrier diffusion coefficient, therefore the final decay part is rather slow. Taking the thermal grating decay time of 1 ns (Fig. 3(a) , T ≤ 75 K) and using Eq. (5), we have estimated the thermal diffusion coefficient D T = 1.8 cm 2 /s, which is close to that reported in the literature [15] . At larger grating periods, the contribution of thermal grating to the total diffraction efficiency is observed at later times (at ∆t > 1 ns, see Fig. 3(b) ), as the carrier grating modulation is less erased by diffusion and persists for a longer time.
For preliminary quantitative analysis of two coexisting mechanisms of refractive index modulation, we solved Eqs. (2) and (3), which provided one dimensional spatial evolution of N (x, t) and T (x, t), i. e. along the grating vector x. More precise numerical analysis requires two-dimensional solution of carrier and temperature dynamics in nonhomogeneously excited layer. In the simplified model, we neglected sample heating by free carrier absorption and used the constant B and C values (see Eq. (2)) [16] , while the C p value is known to be temperature dependent [15] . A value of ∂n/∂T , to our knowledge, is not determined for SiC, therefore we have used that of silicon, equal to 2 · 10 4 K −1 [8] . The calculated kinetics at T = 75 K for some grating periods are shown in Fig. 4(a) . The numerical data are in qualitative agreement with the experimental results (see Fig. 3(b) ), providing a dip in diffraction efficiency and its shift to later times for larger periods. Moreover, the calculations also explained the observed increasing contribution of thermal grating at lower temperatures. Assuming that the specific heat decreases at lower temperatures, one may expect the increasing lattice heating with decreasing sample temperature. The numerical modelling for two specific heat values, C p1 ≈ 0.07 J/(g·K) at 75 K and C p2 = 0.6 J/(g·K) at 300 K [15] , has confirmed that refractive index modulation by nonequilibrium carrier plasma ((n FC ) is dominant at higher temperatures, but the increasing temperature grating gradually masks its role (see Fig. 4(b) ). The observed effect can be used for investigation of thermal properties of SiC in a wide temperature range, thus providing supplementary technique for thermo-optical studies [17] . Measurements of grating kinetics performed in S265 sample (Λ = 2.7 µm, λ ex = 266 nm, I 0 = 2 mJ/cm 2 ) also revealed the formation of a temperature grating. We note that in this layer the temperature-induced refractive index change is higher: the kinetics measured at T < 150 K are as strongly influenced by the thermal grating as those in the sample P939 at T < 100 K. This indirectly points to additional source of heat in a sublimation-grown sample, which has more structural defects that may serve as centres of nonradiative recombination. On the contrary, the semi-insulating sample at 355 nm excitation has exhibited the lowest contribution of the thermal grating and has allowed measurements of carrier dynamics in the temperature range from 10 to 300 K.
Summary
Nonequilibrium carrier grating kinetics at various periods and sample temperatures allowed us to determine the bipolar diffusion coefficients and lifetimes of nonequilibrium carriers in 4H-SiC layers. We show that in n-type layers the phonon scattering determines the temperature dependence of bipolar carrier mobility in 100-300 K temperature range (µ ∼ T −1.5 ) while in semi-insulating crystal the ionised impurity scattering contributes as well and leads to lower mobility values and lower slope (µ ∼ T −1.2 ). The observed lattice heating precluded the studies of carrier dynamics at low temperatures. We confirmed the contribution of the thermal grating to diffraction by numerical modelling, and determined experimentally the thermal diffusion coefficient D T = 1.8 cm 2 /s at 10-75 K.
